Following the catastrophic collisional breakups of three intact spacecraft (Fengyun 1C, Cosmos 2251 and Iridium 33) occurred in low Earth orbit, a detailed analysis was carried out, with a dedicated software tool (SDIRAT), in order to evaluate the additional impact flux of cataloged objects on the satellites of two operational constellations in high inclination orbits, Iridium and COSMO-SkyMed. As of 1 May 2011, the flux increase with respect to the debris background was 160%, on average, for the Iridium satellites, distributed on six equally spaced orbit planes at 781 km, and 47% at the altitude of the COSMO-SkyMed constellation, using a single orbit plane at 623 km.
Introduction
After two decades of slightly declining growth rate, thanks also to the advancing implementation of mitigation measures, the population of cataloged orbital debris in low Earth orbit increased by approximately 50% in just a couple of years, from January 2007 to February 2009, due to two collisions in space involving the catastrophic destruction of three intact satellites (Fengyun 1C, Cosmos 2251 and Iridium 33) in high inclination orbits. Both events occurred in the altitude range already most affected by previous launch activity and breakup events, leading to the progressive formation of new shells of long lasting debris. The physical properties and the orbit evolution of the three collisional debris clouds were discussed in detail elsewhere [1] [2] [3] . The purpose of this paper is to analyze the consequences of these catastrophic fragmentations on the short-term evolution of the collision risk with cataloged objects for the Iridium and COSMO-SkyMed satellite constellations. The private owned Iridium constellation consists of 66 active satellites, at a height of approximately 781 km and inclination of 86.4 deg, regularly distributed on 6 orbital planes, separated by 30 deg, in order to guarantee the simultaneous voice and data coverage to satellite phones, pagers and integrated transceivers over the entire surface of the Earth. Additional spare satellites are kept in lower storage orbits to serve in case of failure. Figure 1 shows the geometry of the orbit planes, referred counterclockwise with respect to the Iridium 33 original plane (Plane 0). The COSMO-SkyMed constellation, owned by the Italian Space Agency (ASI) and the Italian Ministry of Defense, consists of 4 satellites equipped with high resolution synthetic aperture radars, at a height of approximately 623 km and inclination of 97.9 deg. The spacecraft are placed on the same orbit plane, phased by 90 deg (Figure 2 ).
The evolution of the debris flux on the Iridium constellation
A first detailed analysis of the situation in the first months of 2010, i.e. three years after the Fengyun 1C destruction and one year after the accidental collision between Cosmos 2251 and Iridium 33, was completed about one year ago [4] [5] . The Space Debris Impact Risk Assessment Tool (SDIRAT), a software code specifically developed for orbital debris flux estimation on target spacecraft [6] [7] , was used to evaluate the additional impact flux of the cataloged fragments produced by the Fengyun 1C, Cosmos 2251 and Iridium 33 catastrophic breakups. Tables 1 and 2 summarize the results obtained at the reference epoch of 20 April 2010. Depending on the constellation plane, the three new debris clouds increased the flux of cataloged objects with respect to the background by percentages in between 70% and 143%, basically doubling, on average, the collision probability with the operational Iridium satellites ( Table 1) . The additional flux and the collision velocities were dominated by the Fengyun-1C fragments, with average fluxes 3 times higher than those of the Cosmos 2251 debris and more than 5 times higher than those of the Iridium 33 debris (Table 2 ). The percentage flux increase with respect to the background is shown inside the square brackets in red (Table  4) , was compensated by a nearly equal increase due to the three collisional clouds. These changes were caused by a complex combination of debris orbital evolution and improved cataloging, the latter adding 296 further fragments to the orbit toll of the three clouds (4720 in total) and 170 objects to the background (9979 in total). As a result, depending on the Iridium plane, the debris of the three collisional clouds accounted for a flux increase, with respect to the background, in between 98% and 221% (Tables 3 and 4). (Table 2) , to 3.18 × 10 -6 m -2 yr -1 , on 1 May 2011 ( Table 5 ). The relatively smooth flux and velocity distributions (Table 5 ) confirmed the quite uniform spread of the cloud around the Earth. The average flux of the Cosmos 2251 fragments exhibited, on the other hand, an important increase, from 1.70 × 10 -6 m -2 yr -1 ( (Table 5) , able to more than compensate the Fengyun 1C reduction. In this case as well there was the further addition of 150 cataloged orbital debris (from 1178 to 1328), but the observed flux increase was mainly the result of the orbital evolution of the fragments with respect to the Iridium planes and a higher degree of even cloud dispersion around the Earth (Table 5 ), leading to a considerable boost of the average relative velocities. Finally, concerning the The percentage flux increase with respect to the background is shown inside the square brackets in red (Table 5) , and cloud dispersion with respect to the Iridium orbit planes, as shown by the debris average relative velocity distributions given in Tables 2 and 5 . Due to the intrinsic slowness of the dispersion process and the concomitant orbital decay of the cloud, a modest node spread will persist for many years and most of the fragments will reenter the atmosphere before the creation of a roughly uniform debris shell around the Earth [3] [5]. A more detailed representation of the debris relative velocity and directional flux, as of 1 May 2011, is provided in Figures 3-8 for the six operational Iridium planes. Again, if compared with the results obtained on 11 February 2010 [4] , the observed evolution of the relative velocity and azimuth angle [6] distributions reflected the progressive differential orbit plane dispersion of the Cosmos 2251 fragments, while the Iridium 33 debris planes remained close enough to continue to produce a clear and characteristic signature in the flux plots. In all cases, the differential flux was dominated by head-on debris, with a relative velocity of 14-15 km/s, coming from the background, from the Fengyun 1C cloud and, for certain planes (0, +1 and, to a lesser extent, −1), from the Cosmos 2251 cloud as well. Regarding the Iridium 33 fragments, the highest relative velocities (10-13 km/s) were experienced by Plane +3 (Figure 8 ), followed by Planes +2 (Figure 7 ) and −2 ( Figure 3 ). Apart from a slightly increased velocity dispersion, these results were basically the same already obtained on 11 February 2010 [4] . 
The evolution of the debris flux on the COSMO-SkyMed constellation
The same detailed analysis was carried out for the satellites of the COSMO-SkyMed constellation. The results obtained are summarized in Tables 6 and 7 , and in Figure 9 . On 1 May 2011, the three collisional debris clouds accounted for an average flux increase of cataloged objects with respect to the background by 47%. The additional flux was slightly led by the Fengyun 1C fragments, but the contribution of the Iridium 33 cloud was comparable, while that of the Cosmos 2251 cloud was approximately one half. It should also be remarked that the flux of Iridium fragments was characterized by high relative velocity (15 km/s) head-on approaches (Table 7 and Figure 9 ). However, due to the fact that, more than two years after the breakup, the orbit plane dispersion of the Iridium debris is still moderate, and will remain so for years to come, the relative geometry between the COSMO-SkyMed orbit plane and the Iridium 33 debris is experiencing a sinusoidal cyclical variation, with a period of approximately 255 days, as a result of the differential precession of the nodes (by 1.41 deg per day). Therefore, the COSMO-SkyMed satellites experience periods of Iridium debris head-on fluxes, as on 1 May 2011, followed by decreasing fluxes and relative velocities, down to a minimum around 128 days later. Then, fluxes and relative velocities increase again, towards a new maximum and head-on trajectories, around 255 days after the start of the cycle. See Table 3 for the definition of C1, C2, C3, C4, C5, and C6 Table 7 : Flux of cataloged objects on the COSMO-SkyMed constellation plane
In spite of the growth of cataloged orbital debris, the overall flux on the COSMO-SkyMed orbit plane declined by 36% from 11 February 2010 to 1 May 2011. The reduction of the most evenly distributed component of the flux, including the background and the Fengyun 1C cloud, was close to 10%, but the combined flux of the Cosmos 2251 and Iridium 33 clouds displayed a quite more substantial reduction, by 71% in relative terms ( Table 7) . As of 1 May 2011, the average cataloged debris flux on an operational Iridium satellite was about 2.4 times that on a COSMOSkyMed spacecraft. However, the background debris flux on Iridium was only 1.4 times that on COSMO-SkyMed, the significant difference being due to the contribution of the Fengyun 1C, Cosmos 2251 and Iridium 33 clouds. In fact, focusing the attention on the three collisional clouds, their relative addition to the flux was 4.5 times greater for an Iridium than for a COSMO-SkyMed satellite. 
Conclusions
The two catastrophic collisions, the first intentional, the second accidental, occurred in January 2007 (Fengyun 1C) and in February 2009 (Cosmos 2251 and Iridium 33), not only increased by about one half the number of cataloged debris in orbit around the Earth, but strongly affected the altitude range already most crowded by residing objects, including a large number of operational spacecraft, used mainly for communications and Earth observation. In this paper, the effect of the three new debris clouds on the collision risk evolution was analyzed in detail for two important operational satellite constellations, Iridium and COSMO-SkyMed. As of 1 May 2011, the flux increase, by 160% on average, due to the Fengyun 1C, Cosmos 2251 and Iridium 33 fragments was particularly severe for the Iridium satellites, at 781 km, while at the altitude of the COSMO-SkyMed constellation, 158 km below, the added collision probability was "only" 47%. The debris flux and relative velocity distributions confirmed the quite uniform spread of the Fengyun 1C cloud around the Earth. Also the Cosmos 2251 fragments exhibited a good degree of dispersion of the orbit planes around the Earth, even though not yet almost uniform. The Iridium 33 fragments, on the other hand, were still not so far from the original plane of the constellation to which Iridium 33 belonged before the accidental collision with Cosmos 2251. Moreover, due to the intrinsic slowness of the differential plane precession and the progressive orbital decay of the cloud, a modest node spread will persist for many years and most of the Iridium 33 fragments will reenter the atmosphere before the creation of a roughly uniform debris shell around the Earth [3] [5] . This has important consequences on the debris flux. In fact, the relatively fast node evolution of the Fengyun 1C and Cosmos 2251 fragments is progressively blending their cloud identity with the background, making the flux not much dependent on the right ascension of the ascending node of the target spacecraft. However, this is not true for the Iridium 33 cloud, still well defined, both geometrically and dynamically. Due to the initial conditions, the node precession of most of the fragments approximately matched that of the operational Iridium planes, almost freezing the relative geometry among the debris cloud and the constellation planes. Therefore, there are specific Iridium planes more affected by the Iridium 33 fragments (Plane +3) and other less affected (Planes −1 and +1); and this situation is characterized by a quite slow evolution. The relative geometry between the COSMO-SkyMed orbit plane and the Iridium 33 fragments, on the other hand, is experiencing a sinusoidal cyclical variation, with a period of approximately 255 days, as a result of the differential precession of the nodes. This affects the Iridium 33 debris flux and relative velocity with the same periodicity. Concerning the long-term consequences of the three debris clouds, about 50% of the Iridium 33 cataloged fragments will decay from orbit in the next five years and about 90% in the next 15 years. The Cosmos 2251 fragments will have, on average, a longer lifetime, with 50% reentered in about 10 years and 90% reentered in nearly 30 years.
Finally, the Fengyun 1C pieces will affect the environment significantly longer: at least 15 years will be needed to reduce their number by 50%, and roughly 80 years will be necessary to reach the 10% mark [3] .
